The threshold electric field E th for a transition from the anticlinic to the synclinic phase of enantiomeric mixtures of the liquid crystal TFMHPOBC was measured as a function of temperature T and enantiomeric excess X.
propagation, is facilitated by a percolation mechanism.
a Author for correspondence. Email rosenblatt@cwru.edu Typeset using REVT E X The phenomenon of reentrant phases is exhibited by a diverse class of condensed matter systems. The monotonic variation of a thermodynamic field such as temperature T or electric field E may result in three phases in which the first and last phases possess the same symmetry. For liquid crystals this phenomenon was observed first as a nematic -Smectic-A -nematic phase sequence (also denoted by N -Sm-A -N) with decreasing temperature in a mixture of alkoxycyanobiphenyls [1] . More recently a Smectic-C * -Smectic-C * A -Smectic-C * phase sequence (also denoted by Sm-C * -Sm-C * A -Sm-C * ) was observed on decreasing temperature for certain homologs of an anticlinic compound [2] , where the asterisk signifies that the molecule is chiral. This phase sequence also has been observed on cooling in thin films that are subjected to an applied electric field [3, 4] .
For both the anticlinic (Sm-C * A ) and synclinic (Sm-C * ) phases, the director b n tilts by a polar angle θ with respect to the smectic layer normal. For molecules lacking inversion symmetry, this tilt induces a spontaneous polarization locally perpendicular to the tilt plane [5] . In the synclinic Sm-C * phase the azimuthal angle ϕ j is nearly identical in every layer j, with only a slight variation due to the chiral-induced long wavelength helix [6] . Thus, the polarization vectors in adjacent layers are nearly parallel. In the anticlinic Sm-C * A phase the director's azimuthal orientation alternates by approximately π from one layer to the next, and therefore the polarization vectors in adjacent layers are nearly antiparallel. Analogous to the helical structure of the synclinic phase, the azimuthal orientations ϕ j and ϕ j+2 in the anticlinic phase differ slightly, resulting in a pair of commensurate long wavelength chiral helices: One helix is associated with the odd-numbered smectic layers and the other is associated with the even layers [6] . Anticlinic liquid crystals may exhibit tristable behavior [7] and can be switched from the anticlinic to synclinic configuration by a moderate electric field applied parallel to the layer plane. This switching has been observed to occur via fingerlike solitary waves of the synclinic phase that invade the anticlinic phase [8] .
In this article we report on measurements of the threshold field for a transition from the anticlinic to the synclinic phase of the liquid crystal TFMHPOBC (Fig. 1) continuously from the higher temperature Sm-C * phase to the reentrant Sm-C * phase along an appropriate path in the T − E phase diagram.
The phase boundary curves for different values of enantiomeric excess are plotted in Fig.   2 , where T c is the concentration-dependent Smectic-C * -Smectic-C * A transition temperature.
The data reveal several features. First, for the two smaller values of X a reenetrant Sm-C * phase was observed at lower temperatures. Notice that the slope |dT /dE| → ∞ at a particular point on each phase boundary curve, which we shall designate by E ∞ (X) and T ∞ (X). Below this temperature, of course, the sign of dT /dE becomes positive. For the largest value of X, viz., X = 0.58, the magnitude |dT /dE| becomes larger at lower temperatures, but never changes sign. It is important to note that a crystalline phase sets in just below the lowest reported experimental temperature for each value of enantiomer excess, and thus it no longer was possible to examine the reentrant transition below this temperature. From Fig. 2 we note that the threshold fields for a given value of T − T c are not monotonic in X. This is because the polarization increases linearly with X, and also depends upon θ. [As observed in Ref. [10] , the behavior would be monotonic in X if the phase boundary curves were plotted vs. the quantity P E, where P is the average dipole moment per volume, which depends on both X and θ(T )].
At this point it is useful to consider the physical bases of the anticlinic and synclinic phases. Based on the molecular model of Osipov and Fukuda [11] , the synclinic Sm-C * phase is stablized relative to the anticlinic Sm-C * A phase by steric interactions and dispersive forces. On the other hand, a predominant feature of compounds that exhibit the Sm-C * A phase is that the molecules have a large transverse dipole moment located in the alkyl chain close to the end of the molecule. The Sm-C θ-dependent -and therefore temperature-dependent -orientational correlations of these transverse dipoles located in the adjacent smectic layers. Additionally, the free energy of the tilted smectic phases has temperature-dependent contributions from intralayer interactions between molecules in the same layer, from partial penetration of molecules from one layer into an adjacent layer, and from conformational and orientational order parameter correlations between neighboring molecules. This latter effect includes the possibility of local biaxial correlations. Because the energetics of the synclinic and anticlinic phases are rather similar, coupling of two or more interactions may lead to a reentrant Sm-C * phase.
One explanation for reentrant behavior was offered by Pociecha, et al [2] . On examining the phase behavior as a function of temperature and homolog number (rather than electric field), they suggested that at lower temperatures quadrupolar ordering affects the interlayer interactions. This may give rise to local nematic-like biaxial ordering within a smectic layer, which in turn may facilitate interlayer penetration of molecules, promoting the reentrant synclinic phase at the expense of the anticlinic phase because ϕ j ≈ ϕ j+1 . Although such interactions may play a role in our system, we need to examine more closely the behavior that arises from mixtures of enantiomers. As seen in Fig. 2 , reentrant synclinic behavior is least likely to occur for large X, i.e., for samples of higher optical purity. For these mixtures rr pairings of molecules in adjacent layers predominate because of the much smaller fraction of s enantiomers present in the mixture. Matsumoto, et al. suggested [12] that the dipole moments for rr (or equivalently ss) pairings are antiparallel in the anticlinic phase (Fig.   3a) , and therefore are energetically favored. Thus an optically pure material in which all interlayer pairings are of the rr (or ss) type is more likely to have an anticlinic Sm-C * A phase than would a racemic mixture, in which there would be many rs pairings that favor synclinic order [12] . This behavior was borne out in our earlier measurements of E th in enantiomeric mixtures of TFMHPOBC at higher temperatures, where we inferred a slight biasing of rr and ss pairings over rs and sr pairings in the anticlinic phase [10] . Turning to the measurements presented herein, for the X = 0.58 mixture the preponderance of rr pairings (due to the high fraction of r enantiomer) tends to inhibit the formation of a But why should reentrant Sm-C * behavior occur at lower temperatures for a given electric field? We offer a simple model that is based on two dominant interactions: 1) microscopic dipolar interactions, and 2) steric hindrance and/or nematic-like orientational interactions.
We note that the microscopic dipolar interactions could be significantly different for rr (or ss) pairs vs. rs pairs due to the chiral molecular structure. This asymmetry in the dipolar interactions is important, as will be seen below. For purposes of our model, we interpret the electric field-driven transition from the Sm-C * A to Sm-C * phase as a percolation-like phenomenon of Sm-C * regions; these are seeded by rs pairings. Physically, this peroclation corresponds to an azimuthal reorientation of molecules in the odd (or even) numbered layers, which inherently is a second order process. Once these regions percolate locally, kinetic mechanisms complete the growth of the solitary waves. This overall process is reminiscent of the coalesence of ferromagnetic domains below the Curie temperature T Curie . Upon the application of a weak magnetic field H, many of the weakly pinned domains merge to form still larger domains, and larger domains emerge through domain wall propagation. Although the temperature axis below T Curie on a T − H magnetic phase diagram generally is referred to as a "first order transition line" [13] , the quantity dT /dH, which is associated with the reoriention of the magnetization vector in the presence of a magnetic field, actually is infinite everywhere along this line. Such behavior is not shared by typical first order phase transitions such as the liquid-solid transition. Although our system is complicated by strong layer-layer interactions, dT /dE still may be infinite at a point on the line separating the antiferroelectric and ferrielectric phases, thereby resulting in a reentrant Sm-C * phase at lower temperatures.
In order to include only the simplest ingredients, we assume complete mixing of enantiomers, i.e., X is spatially uniform. This is reasonable for small X and avoids the complica-tions of microphase separation, thus allowing us to discuss the system using only temperature and electric fields as variables. The fraction of right-handed molecules is (1 + X)/2 and the fraction of the left-handed molecules is (1 − X)/2. Consequently, the fraction of rr pairings is (1 + X) 2 /4, the fraction of ss pairings is (1 − X) 2 /4, and the fraction of rs pairings is
For a given dimer pair in which the two molecular dipoles are close together, the dipolar interaction energy is −U 0 (θ) = −U 0 / cos 3 θ for antiparallel dipole moments and U 0 (θ) = +U 0 / cos 3 θ for parallel dipole moments (see Fig. 3 ), where U 0 is positive. Here the angle θ is the measured polar tilt angle (see Fig. 4 ) obtained by rotating the sample on a polarizing microscope stage to extinguish the transmitted light when the applied field (|E| > E th ) is reversed. The factor cos 3 θ comes from the fact that the spacing r ij between the dipoles in layers i and j is proportional to cos θ and the dipolar field is proportional to 1/r 3 ij . When the dipoles in a given pair are far apart we assume that their interaction energy is negligible. For rr pairs the energy −U 0 / cos 3 θ comes from a "bent" (Sm-C * A ) configuration and +U 0 / cos 3 θ from a rod-like (Sm-C * ) configuration; for rs pairs the energy −U 0 / cos 3 θ comes from a rod-like configuration and +U 0 / cos 3 θ from a bent configuration (see Fig. 3 ).
On examining the molecular structure, we find that rs rod-like pairings have less steric hindrance because the bent chiral tails can accomodate each other better in terms of their orientation. Therefore, the appearance of the synclinic Sm-C * phase at high temperature in part is due to a reduction in steric hinderance and in part due to nematic orientational effects. At high temperature we therefore require that an additional negative energy term be associated with rs rod-like pairings. These effects are less important at low temperature where empirically the stable phase in the absence of an electric field is the anticlinic Sm-C * A phase. Thus we introduce a single phenomenological energy term that applies to rodlike rs pairings only and that incorporates a simple temperature dependence to account for the synclinic propensity at high temperature and anticlinic propensity at low temperature, viz.,
Here T 0 is an appropriate empirical temperature for the crossover in sign, a is a positive constant, the θ-dependence derives from the S are denoted by K(T ). K(T ) has an important effect in the overall entropy of the phases, but is not the dominant factor for reentrant phenomena; rather, it is the temperature at which a(T 0 − T ) changes sign that most affects the reentrant behavior. For our data we chose T 0 ≈ 85 • C for our calculations, which is in the middle range of the upper part of the phase boundary curves.
Let us now return to Fig. 3 , which represents the eight possible configurations each for rr, rs, and ss pairings. We assume that there is an electric field directed into the paper and that the dipoles are either parallel or anti-parallel to the field. For this calculation we neglect effects due to the helical pitch, which is partially unwound by the electric field. In terms of our simple model, we can calculate the partition function for the dimers composed of these three types of pairings.
For the eight configurations of the rr pairings shown in Fig. 3a , the energies are −U 0 , 2pE, 2pE + U 0 , 0, −U 0 , −2pE, −2pE + U 0 (θ), and 0. Here p = 7 × 10 −19 esu cm is the molecular dipole moment. This value for p is obtained by scaling the polarization of the enantiomer in Ref. [9] by M/ρAθ, where M = 612 g mol −1 is the molecular weight of TFMHPOBC, ρ is the density (assumed to be 1 g cm −3 ), A is Avogadro's number, and θ is taken from Fig. 4 . On including the intralayer nematic contribution K, the phenomenological rr partition function is
where the polar tilt angle dependence and temperature dependence of the functions U 0 and U 1 are implied. The Lagrange multiplier β is analogous to 1/k B T of the canonical ensemble, where k B is Boltzmann's constant. However, because our phenomenological energy parameters depend on the temperature, β in principle can have a very complicated dependence on temperature and need not necessarily correspond to 1/k B T . Nevertheless, we find that the approximation β ≡ 1/k(T − T f ) seems reasonable, where T f is the freezing temperature of the three types of pairings and k is a constant of magnitude similar to k B .
Note that T f is the analog of T = 0 for the ideal gas system. We find that when T f falls in the temperature range 270 < T < 300 K, no significant difference in the result is found.
Note that the term cosh(2βpE) comes from the sum of Boltzmann weights for the rod-like arrangement. The ss partition function Z ss = Z rr . For the rs pairings the eight energy
, and the partition function Z rs is
Here the cosh(2βpE) term comes from the bent pairings. Additionally, the U 1 term, which applies only to rs pairings, appears in Z rs .
As discussed above, the total fraction of rr and ss pairings is (1 + X 2 )/2 in the complete mixing approximation. Similarly, the fraction of rs pairings is (1 − X 2 )/2. If N is the total number of pairs, then (1 + X 2 )N/2 pairs are either rr or ss; similarly, (1 − X 2 )N/2 is the number of rs pairs. Of the (1 + X 2 )N/2 pairs that are rr and ss, the number of rod-like pairs is
Similary, the number of rod-like rs pairs is
From Eqs. 1 and 2 we obtain the fraction f rod of rod-like pairs, which is equal to N 
In order for the electric field-induced synclinic Sm-C * phase to form, rod-like pairings must percolate. Furthermore, if percolation occurs within a layer, it is almost guaranteed to occur in the third (layer-normal) direction as well because the three dimensional percolation threshold in general is smaller than the two dimensional threshold [14] . We shall take f p as the critical fraction of rod-like pairs for the occurance of percolation. For a triangular lattice f p = 0.5 [14] , or equivalently, f rod must be greater 0.5 for percolation of the Sm-C * on application of an electric field. Using Eq. 3, we have calculated the phase boundary curves based upon this percolation criterion for the three values of enantiomer excess examined experimentally; the results are shown in Fig. 5 . It is clear from the figure that our results are in good qualitative agreement with the experimental data. First, we find that the value of T ∞ (X) (the temperature at which |dT /dE| → ∞) is higher for smaller X.
Also consistent with experiment, |d 2 T/dE 2 | is larger, i.e., the curvature is greater, for small X. For X = 0.58 the experiment does not show reentrant behavior, consistent with the absence (or at most marginal occurance) of reentrant behavior calculated from the simple theory. Turning to the field E ∞ (X) at which |dT /dE| → ∞, both experiment and theory are in agreement in that E ∞ is largest for X = 0.2. The only apparent discrepancy between theory and experiment is the order of E ∞ (X) for the middle and higher enantiomer excesses, although as noted above the complete mixing assumption is more likely to break down at higher enantiomer excess and alter the details of the transition.
To summarize, we have observed experimentally a reentrant synclinic phase in an electric field-temperature phase diagram. We have presented a "bare bones" phenomenological model that includes only the dipole-dipole interactions, pE interactions, and steric interactions in order to describe the behavior qualitatively. Interestingly, although at low temperatures the the rod-like (synclinic) rs pairings are treated as unfavorable in our theory via the U 1 term, they drive the system into a reentrant synclinic phase instead of making the anticlinic phase more robust against external electric field. This indicates that our model, although necessarily over-simplified, probably contains the necessary ingredients to describe the correct behavior. Future work will involve a more robust theory in which nematic-like orientational interactions, including biaxiality, and microphase separation are included, as well as experimental investigations of the kinetics of the transition, especially in the neighborhood of E ∞ (X), T ∞ (X). 
